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CHAPTER 1: GENERAL INTRODUCTION 
Phosphorus (P) is an essential element for plant and animal growth; however, 
improper management of P can adversely affect the environment. Phosphorus loading of 
surface water is a major water quality issue in the Midwest, including Iowa. Crop fields 
dominate most watersheds in the Midwest. In contrast, large areas in southern Iowa are 
utilized as pasture. Livestock grazing in pastures has been identified as a possible factor 
contributing sediment and P delivery to Rathbun Lake and associated water bodies in the 
watershed (USACE, 2007).  
Rathbun Lake is the primary source of water for Rathbun Regional Water Association 
(RRWA), which is one of the largest rural water systems in the United States and the largest 
system in Iowa. RRWA provides water to over 70,000 people in 17 counties and 48 
communities in Iowa and Missouri. Rathbun Lake’s watershed consists of more than 143,370 
hectares (354,000 acres). The Iowa Department of Natural Resources (IDNR) reported that 
lakes and streams in the watershed are impacted by agricultural non-point sources of 
pollution such as livestock production, soil erosion, and runoff (IDNR, 2009). 
Because cattle congregate along streams for several benefits, including water, shade 
and forage availability, livestock grazing of pastures can affect soil quality through 
compaction, erosion, and changes in plant community (CAST, 2002). One impact of 
livestock grazing on water quality comes from manure and urine deposited directly into 
surface waters or soils near surface waters where soil erosion potentially occurs. Most of the 
P in forage is converted to fecal P once consumed by cattle (Haan et al., 2007). Grazing 
livestock can increase runoff of surface water and soil erosion (Belsky et al., 1999). Runoff 
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and erosion are the overland processes that transport P (Wolfe, 2007). Total P concentration 
of 0.1 mg L
-1
 in most surface water is considered unacceptable and total P concentration of 
0.01 mg L
-1
 in some waters could cause eutrophication (Pierzynski et al., 2005).  
When P is added to soils or sediments, a reaction called P sorption occurs. 
Phosphorus sorption refers to the fast surface reaction and slow reaction of P on solid phase 
(soil minerals and organic compounds). Sorption of P initially proceeds by a rapid 
exothermic ligand exchange reaction that takes place with the reactive surface groups. After a 
hydroxyl (OH
-
) or H2O molecule is released from the surface, a phosphate surface complex is 
formed (Frossard et al., 1995). After fast reaction, a slow reaction occurs by ion exchange 
with exchangeable cations or cations in crystal lattices. Phosphorus sorption in this context 
also includes “adsorption” and “retention”. The sorption process is controlled by the 
concentration of P in solution (intensity) and the ability of solid phase to replenish P into 
solution (capacity). When inorganic P is added to soil, sorption reactions proceed until a new 
equilibrium is reached. 
The potential of significant soil P loss into water depends on: i) initial soil P 
concentration and ii) the P sorption capacity of the soil. Soil P concentrations can be 
estimated by extracting with solutions such as Mehlich-3 (Mehlich, 1984), Olsen (Olsen et 
al., 1954), Bray (Bray and Kurtz, 1945), etc. One way to determine P sorption capacity of 
soil is to develop a P sorption isotherm. Because the P sorption isotherm technique is a time-
consuming and laborious batch-type experiment, easily measured soil properties such as 
Fe+Al are often used to estimate P sorption capacity. Based on these ideas, the degree of 
phosphorus saturation (DPS) was introduced as an index to estimate the risk of P loss from 
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soils. DPS is defined as a ratio of occupied P sorption sites in soils to P sorption capacity 
(Schoumans, 2009). Some states like Delaware (Sims et al., 2002) and Florida (Nair et al., 
2004) have adopted DPS as a simple index to estimate risk of P loss from soils. 
Stream bank soils and stream sediments may act as sinks or as sources of P. After 
riparian soils are eroded by water, they become sediments deposited along the stream bank 
and bed. Sediments are often a major contributor of P to water, but may also act as a sink to 
trap P from water. Sharpley et al. (1981) found that an increase of sediment concentration in 
runoff decreased the amount of soluble P concentration. Schroeder and Kovar (2008) found 
that a riparian switchgrass buffer acted as a source of P to water, while Haggard et al. (2007) 
and Zaimes et al. (2008) found that riparian forest buffers helped decrease P losses to 
streams. To determine whether soils or sediments will behave as sinks or sources of P to 
water, a P desorption index called the equilibrium phosphorus concentration (EPC) is often 
investigated (Haggard and Sharpley, 2007). The EPC of soils or sediments is compared with 
the dissolved P in water. If EPC is greater than dissolved P in water, soils or sediments will 
behave as a source by releasing P to water until a new equilibrium is reached. If EPC is less 
than dissolved P in water, soils or sediments will adsorb P from water, thus decreasing P 
concentration in water. 
This thesis presents the results of an investigation of P sorption-desorption 
characteristics of soils and sediments from four representative sites within the watershed of 
Rathbun Lake. The P sorption maximum (Smax), bonding energy constant (k), equilibrium P 
concentration (EPC) and the P equilibrium buffering capacity (PEBC), are correlated with 
physicochemical properties of the selected soils to better understand the P dynamics. The 
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degree of P saturation (DPS) by ammonium oxalate and Mehlich-3 extraction was used to 
predict the risk of P loss from soils. EPC was studied to determine whether soils/sediments 
behave as sinks or sources of P to stream water. It is important to know if one or more of 
these soils/sediments are prone to P loss. If so, is this soil/sediment prevalent in some areas 
of the watershed more than other areas? Should these areas be considered critical source 
areas (CSAs)?  
Thesis Organization 
This thesis consists of four chapters and is organized in journal manuscript format. 
Chapter 1 is a general introduction of P loading from grazing livestock and the role of soils 
and sediments in regulating P loss into stream water. Chapter 2 is entitled “Phosphorus 
sorption-desorption indices to estimate risk of soil phosphorus loss from the Rathbun Lake 
watershed” and will be submitted to the Journal of Environmental Quality. Chapter 3 is 
entitled “Equilibrium phosphorus concentration as a phosphorus desorption index of stream 
sediments” and will be submitted to the Journal of Environmental Quality. The authors of 
these journal articles may include Najphak Hongthanat, Graduate Student in the Department 
of Agronomy at Iowa State University, John L. Kovar, co-major professor and Soil Scientist 
at the USDA-ARS National Laboratory for Agriculture and the Environment, Michael L. 
Thompson, co-major professor and Professor in the Department of Agronomy of Iowa State 
University, Thomas M. Isenhart, Associate Professor in the Department of Natural Resource 
Ecology and Management of Iowa State University, James R. Russell, Professor in the 
Department of Animal Science of Iowa State University. Chapter 4 is a general conclusion. 
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CHAPTER 2: PHOSPHORUS SORPTION-DESORPTION INDICES TO 
ESTIMATE RISK OF SOIL PHOSPHORUS LOSS FROM THE 
RATHBUN LAKE WATERSHED 
A paper to be submitted to the Journal of Environmental Quality 
Abstract 
Livestock grazing in pastures has been identified as a possible factor controlling 
sediment and phosphorus (P) delivery to Rathbun Lake and associated water bodies in the 
watershed. The risk of P loss from soils in this watershed was estimated by Mehlich-3 (M3) 
extractable P, P sorption indices (Smax and k), degree of P saturation (DPS) and P desorption 
indices (equilibrium phosphorus concentration (EPC) and phosphorus equilibrium buffering 
capacity (PEBC)) for seven representative soil samples. Most of selected soils had low risk 
of P loss as indicated by PM3 and DPS. However, EPC values indicated that some soils could 
potentially behave as sources by releasing P to the water once they become suspended 
sediments. Selected soil physicochemical properties, including pH, particle size, total C, total 
N, total P, FeM3, AlM3, CaM3, MgM3, oxalate-Fe and Al (Feox and Alox), dithionite-Fe and Al 
(Fed and Ald), were correlated with k, EPC, and PEBC to better understand P sorption-
desorption of selected soils. We found that k was positively correlated with Fed (r
2
 = 0.96, p 
< 0.001). PEBC was not correlated with any selected soil physicochemical properties. EPC 
was positively correlated to FeM3 (r
2
 = 0.72, p < 0.05) and Feox (r
2
 = 0.62, p < 0.05) 
suggesting that P desorption was controlled by Fe.  
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Introduction 
Phosphorus (P) is an essential element for plant and animal growth. However, 
excessive P export from agricultural landscapes can lead to eutrophication of surface water 
(Sharpley, 2000). In southern Iowa, livestock grazing has been identified as a possible 
contributor of sediment and P to Rathbun Lake (USACE, 2007). Intensive livestock 
production can affect water quality through manure and urine deposited directly into water or 
on land near surface waters where leaching, erosion and runoff often occur (CAST, 2002). 
The potential for significant soil P loss into water depends on soil P concentration and the P 
sorption capacity of soils.  
The sorption reactions of phosphorus in soil have been extensively studied for both 
agronomic (Ozanne and Shaw, 1967; Fox and Kamprath, 1970) and environmental purposes 
(Zhang et al., 2005). Phosphorus sorption isotherms are widely used to describe P sorption-
desorption characteristics in soils and to predict the risk of P loss to fresh water (Zhou and Li, 
2001). The procedure to determine a P sorption isotherm is generally a batch experiment in 
which soil samples are equilibrated with solutions varying in initial concentrations of P for 
24 hours. The amount of P sorbed on solid phase (mg kg
-1
) and the amount of P remaining in 
solution (mg L
-1
) are fitted to the Langmuir model to determine P sorption maximum (Smax) 
and the bonding energy (k). Because the method to develop a P sorption isotherm is laborious 
and time-consuming, easily measured soil properties such as iron (Fe) and aluminum (Al) 
extracted from the soil by an ammonium oxalate solution are often used to estimate Smax 
(Reddy et al., 1998; Zhang et al., 2005). The ammonium oxalate extraction is thought to be 
  
10 
selective for poorly crystalline and amorphous forms of Fe and Al in soils. Poorly crystalline 
and amorphous forms have an extensive surface area to sorb P.  
While Smax indicates the maximum capacity of soil to adsorb P, water quality can be 
impaired well before soil P sorption reaches a maximum. The degree of phosphorus 
saturation (DPS) is another index to predict and rank the eutrophication risk of agricultural 
areas with intensive livestock production (Schoumans, 2009). The DPS refers to the 
proportion of the P sorption capacity that is occupied by P. This index is sometimes called 
the P sorption index (PSI) or P saturation index (Psat) depending on how the index is defined. 
DPS has been calculated in several ways. Originally, it was based on the amount of P, Fe, 
and Al extracted from a soil sample with ammonium oxalate and was expressed as: 
[2.1] 
The “ox” subscript indicates ammonium oxalate extraction. The concentration units 
of the oxalate-extractable components are mmol kg
-1. The term α is an empirical factor 
associated with the proportion of Feox+Alox associated with P sorption (van der Zee and van 
Riemsdijk, 1988). This factor varies with soil type. For example, α = 0.5 is used in sandy 
soils (Nair et al., 2004), while α = 1 is acceptable for other soils (Kleinman and Sharpley, 
2002; Zhang et al., 2005). The amount of Feox+Alox is an estimator of the P sorption capacity 
of soils. The oxalate extractable P is thought to be the amount of P associated with Feox+Alox. 
In the Netherlands, a DPS of 25% was proposed to be the critical value (van der Zee et al., 
1990). Because ammonium oxalate extraction is not routinely analyzed in soil testing 
laboratories. Kleinman and Sharpley (2002) later proposed the Mehlich-3 extraction (M3) to 
estimate DPS, employing the following equation: 
 
100)( 


oxox
ox
AlFe
P
AlFeoxDPS

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                  [2.2] 
The DPS-M3(Fe+Al) has an advantage since the Mehlich-3 extraction is widely and 
generally used in soil testing laboratories to predict plant-available P, Al, Fe, and other 
elements (Mehlich, 1984). Therefore, plant nutrient data, which are readily available from 
soil testing laboratories, can be used for environmental purposes. Mehlich-3 was developed 
to be suitable to a wide range of soils by combining acetic (CH3COOH), nitric (HNO3), 
ammonium nitrate (NH4NO3), ammonium fluoride (NH4F) and the chelating agent  
ethylenediaminetetraacetic acid (EDTA). In acidic soils, DPS-M3(Fe+Al) correlated well 
with DPS-ox(Fe+Al). In alkaline soils, Kleinman and Sharpley (2002) suggested another 
version of DPS by Mehlich-3 (Eq. [2.3]) based on the Mehlich-3 extractable Ca (CaM3). Ige 
et al. (2005) found that CaM3 was the better estimator of P sorption capacity in neutral to 
calcareous soils of Manitoba, Canada.  
 [2.3] 
 In Florida, Nair et al. (2004) defined the threshold value of DPS for Florida’s sandy 
soils as DPS-ox(Fe+Al) = 20%, DPS-M3(Fe+Al) = 16% and DPS-M1(Fe+Al) = 20%. The 
“M1” means Mehlich-1 extraction. Mehlich-1, also known as the dilute double acid (0.0125 
M H2SO4+0.05 M HCl) extraction, is the proposed soil test for P, K, Ca, Mg, Cu, Fe, Mn and 
Zn in southeastern and mid-Atlantic states. It is best suited to acid soils (pH < 6.5) with low 
cation exchange capacities (< 10 cmol kg
-1
) and organic matter contents (< 5%) (Sims, 
2009). Although Mehlich-3 is used throughout the United States, some states such as Florida 
still use Mehlich-1 as the standard soil P test. In Iowa, the equation to calculate DPS is not 
well-established. The relationship between soil physicochemical properties and P sorption-
 
100)(3
33
3 


MM
M
AlFe
P
AlFeMDPS
 
100)(3
3
3 
M
M
Ca
P
CaMDPS
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desorption characteristics is not clear. A DPS calculation that is based on research on acid 
soils or sandy soils (where Fe and Al play an important role in P sorption) might not be 
appropriate for Iowa soils. 
Soils that have a DPS value greater than the threshold will behave as a source of P to 
water. The P sorption capacity represents the capacity of soil to sorb P. The ease of sorbed P 
to be released is indicated by the bonding energy (k). Soil with a high P sorption capacity 
could release P into water if P concentration in water is low enough (Belmont et al., 2009). 
Therefore, the equilibrium phosphorus concentration (EPC) may be more important than Smax 
in predicting the environmental risk of P in soils (Brand-Klibanski et al., 2007). The 
equilibrium P concentration (EPC) is the concentration of P in solution when neither 
adsorption nor desorption occurs at the solid-solution interface. In other words, when the 
concentration of P in stream water is at this level, P is neither sorbed nor released by the soil 
material or sediment. EPC is a useful index in determining whether the soil or sediment can 
act as a sink (adsorb) or a source (release) of P to the stream. The procedure to determine 
EPC is similar to that for the P sorption isotherm, but it is performed at low P concentrations. 
In some contexts, stream water may be used as background to mimic the ionic strength of the 
stream in which sediments occur (Haggard and Sharpley, 2007). The higher the EPC, the 
more likely it is that the soil will release P to reach equilibrium. A soil with a low EPC 
requires a lower P concentration in water to release P. The ability of soils to resist the change 
in P concentration in solution can be expressed by the P equilibrium buffering capacity 
(PEBC). Haggard et al. (2004) found that calcium carbonate (CaCO3) and alum (Al2(SO4)3) 
have been shown to increase the PEBC of sediments thus decreasing P loading from water. 
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As an alternative to using soil-test P as an indicator of environmental risk, the Iowa P 
index was developed to identify fields that have high potential for P delivery to surface water 
(Mallarino et al., 2002). It can also be used to identify nutrient management practices to 
reduce P losses. The Iowa P index uses a multiplicative approach by including transport 
factors (erosion, runoff, subsurface drainage) and source factors (soil test P, P rate, and P 
application method). The Iowa P Index uses the latest revision of the Universal Soil Loss 
Equation (RUSLE2) to estimate sheet and rill erosion. But because RUSLE2 is not able to 
estimate soil erosion from pastures with grazing livestock, the Iowa P Index was not 
applicable in this study. The objectives of this study were: i) to predict the risk of P loss from 
soils using P sorption-desorption indices (Smax, k, DPS-ox(Fe+Al), DPS-M3(Fe+Al), DPS-
M3(Ca), EPC, and PEBC) ii) to determine the relationship between P sorption-desorption 
indices (k, EPC and PEBC) and soil physicochemical properties iii) to determine the 
conditions in which soils at selected sites in the Rathbun Lake watershed can be sinks or 
sources of P to water. 
Materials and Methods 
Soil Sampling 
There are thirteen monitoring sites in the Rathbun Lake watershed that are part of a 
larger study evaluating the effect of grazing management practices on water quality. Surface 
soils from those sites were sampled at 0-20 cm depth to determine inherent soil physical and 
chemical properties (see Appendix A).  Four sites with a range of soil properties were chosen 
as representative of soils along streams in the Rathbun Lake watershed area (Fig. 2.1). Those 
sites were chosen to represent the different soil mapping units and basic soil properties within 
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the watershed. The sites were adjacent to pastures used for grazing livestock and are here 
denoted M, H, B, and P. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2.1 Map showing four representative sites. The numbers in bracket represents the 
UTM coordinate numbers. 
Seven soil samples were collected from these sites. They are designated M1A, M1B, 
M2, H1, H2, B1, and P1. The numeral indicates the number of individual soil samples 
collected to account for the variation of soils within site. The “A” indicates that the sample 
was collected at a depth of 0-20 cm, and the “B” indicates that the sample was collected at a 
M 
B 
H 
P 
(488569, 4533012) 
(486121, 4522382) 
(477366, 4509826) 
(464361, 4518907) 
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depth of 20-40 cm. The classification of soils from which the samples were collected is 
summarized in Table 2.1. 
Table 2.1 Soil classifications 
Soil code Soil series or parent 
material 
Soil classification Landscape position 
M1A Olmitz (0-20 cm) Fine-loamy, mixed, superactive, mesic 
Cumulic Hapludoll 
Floodplain 
M1B Olmitz (20-40 cm) Fine-loamy, mixed, superactive, mesic 
Cumulic Hapludoll 
Floodplain 
M2 Pre-Illinoian Till Not applicable Cut bank 
H1 Nodaway Fine-silty, mixed, superactive, nonacid, 
mesic Mollic Udifluents 
Cut bank 
H2 Colo Fine-silty, mixed, superactive, mesic 
Cumulic Endoaquoll 
Floodplain 
B1 Olmitz Fine-loamy, mixed, superactive, mesic 
Cumulic Hapludoll 
Floodplain 
P1 Yarmouth-Sangamon 
Paleosol 
Not applicable Cut bank 
 
Soil Physicochemical Properties 
Soil samples were air-dried and sieved through a 2-mm screen. Air-dried samples 
were used to determine pH by glass electrode (soil: water 1:1), particle-size distribution by 
pipette method (Gee and Bauder, 1986), and total carbon (TC) and total nitrogen (TN) by 
high-temperature dry combustion (Nelson and Sommers, 1982). Total P (TP) was determined 
by digesting the sample in aqua regia (Crosland et al., 1995) and analyzing the digest by a 
colorimetric method (Murphy and Riley, 1962). Extractable P, Ca, Mg, Fe, Al, Na, and K 
(PM3, CaM3, MgM3, FeM3, AlM3, NaM3 and KM3) were determined in the Mehlich 3 extracting 
solution (Mehlich, 1984) and analyzed by inductively coupled plasma spectrometry. Citrate-
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bicarbonate-dithionite-extractable Fe, Al and Mn (Fed, Ald and Mnd) were determined by 
atomic absorption spectrophotometry (Loeppert and Inskeep, 1996). Ammonium-oxalate-
extractable P, Fe, Al, and Mn (Pox, Feox, Alox and Mnox) were determined by inductively 
coupled plasma spectrometry (Loeppert and Inskeep, 1996).  
Phosphorus Sorption Isotherm 
Phosphorus sorption studies were performed according to the standardized P sorption 
procedure recommended by the SERA-IEG 17 group (Graetz and Nair, 2009). One gram of 
soil sample was weighed into a 30-mL polyethylene bottle to which were added 25 mL of 
0.01 M CaCl2 solution containing one of the following concentrations of P: 0, 1, 2, 5, 10, 20, 
50 and 100 mg P L
-1
 as KH2PO4. Three drops of chloroform were added to inhibit microbial 
activity. The soil suspension was shaken at 25C for 24 h on a reciprocating shaker. After 
equilibration, the soil suspension was centrifuged at 1200 x g for 5 min, and the clear 
supernatant was filtered through a 0.45-m membrane filter. Phosphorus concentration in the 
filtrate was determined by the colorimetric method of Murphy and Riley (1962). Phosphorus 
that disappeared from solution was considered to have been sorbed by soil. The results were 
fit to a Langmuir model (Eq. [2.4]) to estimate the P sorption maximum (Smax) and the 
bonding energy constant (k). 
The Langmuir Equation can be written (Eq. [2.4]): 
 [2.4] 
                                                              
C   =   concentration of P in solution after 24-h equilibration, mg L
-1
 
S   =    the amount of P sorbed on solid phase, mg kg
-1 
maxmax
1
kSS
C
S
C

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Smax = maximum P sorption capacity of soil, mg kg
-1
 
k   =    a constant related to the bonding energy, L mg
-1 
When C/S (y-axis) is plotted against C (x-axis), a line can be fit to the points by linear 
regression (Fig. 2.2). The slope of the line is equal to 1/Smax. From this relationship, we can 
solve for Smax, that is the reciprocal of the slope. Since the intercept is equal to 1/(kSmax), Smax 
is substituted into this equation to solve for k. 
 
 
 
 
 
 
 
 
 
 
Fig. 2.2 Linearized Langmuir sorption isotherm (M1A sample). 
Equilibrium Phosphorus Concentration (EPC) 
The equilibrium phosphorus concentration (EPC) was determined for each sample. 
Stream water samples that we collected from the individual sites were combined and used as 
the liquid matrix for the EPC determination. The ionic strength (Ie) of stream water was 
obtained by measuring the electrical conductivity (EC). Ie was then calculated from the 
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empirical model: Ie = 0.012 EC (Essington, 2003). The EC of stream water was 0.4 dS m
-1
. 
Therefore the Ie was about 0.005 mol L
-1
. The stream water was filtered through 0.45 µm 
membrane. One gram of air-dried soil sample was shaken with 25 mL of stream water spiked 
with additional amounts of P from 0, 0.1, 0.25, 0.5 and 1 mg P L
-1
. If the ambient P 
concentration in water was 0.05 mg L
-1
for example, then the initial P concentration would be 
0.05, 0.15, 0.3, 0.55 and 1.05 mg L
-1
. Three drops of chloroform were added to each tube to 
inhibit microbial activity. After being shaken for 24 hours, the soil suspension was 
centrifuged at 1200 x g for 5 min, and the clear supernatant was filtered through a 0.45-m 
membrane. Phosphorus concentration in the filtrate was determined by the method of 
Murphy and Riley (1962). Phosphorus remaining in solution (mg L
-1
, x-axis) was plotted 
against P sorbed (mg kg
-1
, y-axis), and a line was fit using simple linear regression (Eq. [2.5] 
and Fig. 2.3).  
[2.5] 
S   =  P sorbed on solid phase, mg kg
-1
 
C  =  P remaining in solution after 24 h equilibration, mg L
-1
 
S0 =  y-axis intercept representing the initial quantity (mg kg
-1
) of sorbed soil P 
K  =  slope, P equilibrium buffering capacity (PEBC, L kg
-1
) 
 
 
0SKCS 
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Fig. 2.3 A linear regression model was used to estimate EPC and PEBC (M1A sample). 
At low P concentrations in soil solution, the relationship between P in solution phase 
(C) and P sorbed on solid phase (S) can be described by a simple linear equation (Fig. 2.3). A 
slope (K) of equation is equal to a phosphorus equilibrium buffering capacity (PEBC). PEBC 
refers to the ability of soil to sorb additional P from solution. S0 represents the P originally 
sorbed on the solid phase (mg kg
-1
).  Because EPC is defined as the P concentration in 
solution where sorption equals to zero (S = 0 mg kg
-1
), EPC can be estimated from S0/K. 
Correlation of soil physicochemical properties with k, EPC, and PEBC 
To better understand what soil physicochemical properties regulated k, EPC, and 
PEBC, we looked for correlations between the P sorption and equilibrium parameters and the 
soil properties, using PROC REG in SAS 9.1 (SAS Institute, 2003). 
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Results and Discussion 
Soils in the Rathbun Lake watershed formed in loess, glacial till, or alluvium. Soils at 
the majority of selected sites were Mollisols (Table 2.1), the most common soils in Iowa. The 
H1 samples came from an Inceptisol. The M2 sample was Pre-Illinoian Till (older than 
300,000 years). The P1 sample was collected from an exposure of a Yarmouth-Sangamon 
Paleosol. Both Pre-Illinoian Till and Yarmouth-Sangamon Paleosols often outcrop on 
hillslopes and in cut banks of first order streams in Iowa, Missouri, and Illinois.  
Soil samples in this study had a relatively narrow range of pH, from 6.6 to 7.8 (Table 
2.2). The M2 sample (developed from Pre-Illinoian Till) and the P1 sample (developed from 
Yarmouth-Sangamon Paleosol) were alkaline, with soil pH of 7.7 - 7.8. Total C of the 
samples ranged from 3 to 30 g kg
-1
, with M2 and P1 having the lowest total C concentrations 
(6 and 3 g kg
-1
 respectively). At site M, the properties of the topsoil (M1A) and subsoil 
(M1B) samples were similar to one another, but very different from those of the M2 (till) 
sample in terms of pH, total C, and Fed. At site H, there was less variation in properties of the 
two samples, and the properties were similar to those of site B. The P1 (paleosol) sample was 
different from others in that it had the highest amount of clay and pH, but had the lowest 
concentration of Fed. The Ald content of all samples did not vary much (ranging from 730 to 
1,290 mg kg
-1
). 
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Table 2.2 Soil physicochemical properties. 
Soils pH TC TN Sand Silt Clay TP PM3 KM3 CaM3 MgM3 NaM3 
  ------------------g kg
-1
---------------- -------------------------mg kg
-1
---------------------- 
M1A 6.6 30 2.7 180 580 250 491 54 161 2400 288 8 
M1B 6.7 17 1.7 80 630 290 341 29 104 2542 320 10 
M2 7.8 6 0.5 420 310 270 419 49 85 1916 434 11 
H1 6.8 14 1.4 170 570 260 331 33 130 2286 305 8 
H2 6.8 20 2.1 140 590 270 409 51 173 2464 291 9 
B1 6.9 17 1.4 170 580 260 211 6 88 2657 324 13 
P1 7.7 3 0.3 150 270 590 98 3 203 5540 1171 76 
 
Table 2.2 Soil physicochemical properties (continued). 
Soils FeM3 AlM3 Pox Feox Alox Mnox Fed Ald Mnd 
 --------------------------------------------------mg kg
-1
---------------------------------------------- 
M1A 518 376 393 3334 648 570 6600 1290 600 
M1B 241 510 297 3043 803 500 6000 1320 470 
M2 134 146 175 1009 239 130 17300 730 230 
H1 258 455 264 2549 752 330 6030 1250 330 
H2 323 459 372 2854 742 320 6110 1290 340 
B1 136 481 170 1911 702 410 4070 1100 430 
P1 60 602 38 416 953 130 1590 1010 100 
 
Soil-test P as an indicator of environmental risk 
The Mehlich-3 extraction is used to determine the sufficiency of soil P for corn 
production in Iowa. The optimum range for corn is 16-20 mg kg
-1
 (Mallarino, 2003). Table 
2.2 shows that Mehlich-3 P of M1A, M1B, M2, H1 and H2 samples exceeded crop needs 
(Mehlich-3 P > 20 mg kg
-1
). However, this is an agronomic interpretation. Soil-test results 
must be interpreted carefully for environmental purposes. In Iowa, a soil P threshold for 
environmental interpretations (as measured by a soil test) has not yet been defined, so we 
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borrowed the environmental soil P threshold used in Arkansas (Sharpley et al., 2003) for 
comparison in this study. If Mehlich-3 P > 150 mg kg
-1
, the management recommendation to 
protect water quality is to avoid further P amendments, provide buffers next to streams, 
overseed pastures with legumes to aid P removal, and provide constant soil cover to 
minimize erosion (Sharpley et al., 2003). According to the Arkansas standard, the Mehlich-3 
P values of all samples in the present study were not high enough to pose a risk of water 
impairment (Mehlich-3 P < 150 mg kg
-1
).  
Using P sorption and equilibrium parameters to estimate risk of P loss from soil 
Applying the Langmuir model to data from P sorption experiments provides two 
useful sorption parameters: the P sorption maximum (Smax) and an index of the bonding 
energy (k). Smax of these soils ranged from 357 to 667 mg kg
-1
 (Table 2.3). Because sorbed P 
concentrations (approximated by soil-test P values) close to Smax did not occur in the soils of 
this study and the concentration of P in soil solution at which Smax is reached is unlikely to 
occur in streams in the Rathbun Lake watershed, our interest in Smax in this study is small. On 
the other hand, the bonding energy index (k) is of interest in ranking the risk of P loss from 
soils. The k of these soils ranged from 0.14 to 0.52 L mg
-1
. The M2 sample predicted the 
lowest risk of P loss, as indicated by the highest k value (0.52 L mg
-1
). Other samples had 
lower k values (0.14-0.23 L mg
-1
), thus having a higher risk of P loss than M2 did. 
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Table 2.3 Phosphorus sorption and equilibrium parameters 
Sample Sorption parameter (Langmuir)  Equilibrium parameter (Linear) 
 Smax k  EPC PEBC 
 mg kg
-1
 L mg
-1
  mg L
-1
 L kg
-1
 
M1A 667 0.18  0.185 200 
M1B 667 0.14  0.086 262 
M2 357 0.52  0.013 280 
H1 400 0.23  0.120 167 
H2 455 0.17  0.232 156 
B1 435 0.21  0.012 414 
P1 588 0.21  0.009 215 
 
Equilibrium P concentrations (EPCs) may also be useful indices to predict P mobility 
in soils. The EPC of the samples ranged from 0.009 to 0.232 mg L
-1
 (Table 2.3). M1A and 
H2 samples were the most vulnerable to P loss as their EPCs were highest among the 
samples (0.185 and 0.232 mg L
-1
, respectively). The EPC of the M1A topsoil (0.185 mg L
-1
) 
was greater than that of M1B subsoil (0.086 mg L
-1
), suggesting that erosion of topsoil would 
be more likely to result in release of soluble P into the stream than would erosion of the 
subsoil. With the lowest EPC values, M2, B1, and P1 showed the least susceptibility for P 
loss (0.013, 0.012, and 0.009 mg L
-1
 respectively). Dissolved P in stream samples that were 
collected biweekly from March to November 2009 from thirteen sites in Rathbun Lake 
watershed (including the four sites in this study) was about 0.08 mg L
-1
 (see Appendix B). 
This means that M2, B1, and P1 samples may behave as sinks to trap P from the water, while 
the M1A, M1B, H1, and H2 samples may behave as sources by releasing P to water if they 
become suspended sediments in the stream.  
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Another predictor of the environmental fate of P is the phosphorus equilibrium 
buffering capacity (PEBC) which represents the capacity of soil to buffer the additional P in 
water. The PEBC of the sample soils ranged from 156 to 414 L kg
-1
 (Table 2.3). The higher 
the PEBC, the greater is the ability of the soil to sorb additional P. H1 and H2 had the lowest 
capacity to sorb additional P (167 and 156 L kg
-1
 respectively). But because EPC of H2 was 
two times greater than that of H1, H2 would be ranked as the most susceptible to P loss. B1 
had the highest PEBC, and its EPC was low. Therefore, the B1 sample was the least 
susceptible to P loss. The PEBC of the M1A samples was less than that of M1B, so the 
capacity of the surface horizon at M1 (M1A) to buffer additional P in solution was less than 
that of the subsoil horizon (M1B).  
Correlation of soil physicochemical properties with k, EPC, and PEBC 
Correlation of soil physicochemical properties with k, EPC and PEBC are 
summarized in Table 2.4. 
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Table 2.4 Relationships between soil physicochemical properties and k, EPC, and PEBC 
 
We found that the bonding energy index (k) was positively correlated with Fed 
(r=0.87, p < 0.01) and sand content (r=0.98, p < 0.001) (Fig. 2.4). This suggests that the 
intensity of bonding energy increased with the amount of crystalline Fe oxide (Fed). Possibly 
Soil 
Properties 
k  EPC  PEBC 
r
2
 p-value  r
2
 p-value  r
2
 p-value 
pH 0.53 0.06  0.47 0.09  0.02 0.76 
Total C 0.28 0.22  0.55 0.05  0.02 0.78 
Total N 0.33 0.17  0.69 p<0.05  0.06 0.58 
Total P 0.03 0.69  0.43 0.11  0.12 0.45 
PM3 0.06 0.59  0.48 0.08  0.26 0.24 
KM3 0.20 0.31  0.16 0.37  0.46 0.09 
CaM3 0.07 0.57  0.14 0.41  0.01 0.86 
MgM3 0.00 0.91  0.26 0.24  0.01 0.87 
NaM3 0.00 0.88  0.22 0.29  0.00 0.88 
FeM3 0.14 0.41  0.72 p<0.05  0.21 0.30 
AlM3 0.71 0.02  0.00 0.93  0.01 0.84 
Clay 0.01 0.84  0.19 0.33  0.02 0.78 
Silt 0.41 0.12  0.37 0.14  0.00 0.98 
Sand 0.96 p<0.001  0.13 0.43  0.03 0.70 
Fed 0.76 p<0.01  0.01 0.80  0.00 0.88 
Feox 0.31 0.19  0.62 p<0.05  0.08 0.55 
Ald 0.81 0.05  0.52 0.07  0.14 0.40 
Alox 0.75 0.01  0.02 0.76  0.05 0.62 
Mnd 0.19 0.33  0.25 0.25  0.01 0.80 
Mnox 0.40 0.12  0.25 0.25  0.00 0.89 
  
26 
the sand grains were coated with Fe oxide that acted as a strong sorbent of P. The intensity of 
bonding energy would therefore be expected to increase with both sand content and Fed.  
 
 
 
 
 
 
 
 
Fig. 2.4 The relationships between k and Fed and sand content. 
This explanation would be legitimate if the positive relationship between sand content 
and Fed exists. But Fig. 2.5 shows that the positive relationship between sand content and Fed 
was skewed by the data from M2 (till). As the result, the postulated relationships between k 
and Fed and sand content are probably not valid. 
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Fig. 2.5 The relationship between sand content and Fed. 
The phosphorus equilibrium buffering capacity (PEBC) was not correlated with any 
of the measured soil properties. On the other hand, EPC was found to positively correlate 
with FeM3 (r=0.85, p < 0.05). McDowell and Sharpley (2001) have explained the role of Fe 
and P chemistry on P sorption-desorption: the more soluble Fe is (as assessed, for example 
by FeM3), the more likely is associated P to become soluble. The higher the FeM3, the greater 
was the EPC and the likelihood that the soil would release P. In addition to FeM3, EPC was 
also positively related to Feox (r=0.79, p < 0.05). Reddy and DeLaune (2008) have explained 
that amorphous or poorly crystalline Fe oxides have a greater surface area to sorb P than do 
crystalline Fe oxides, but the larger number of sorption sites had a lower bonding energy for 
phosphate. As the bonding energy associated with P sorption was low, the desorption 
potential was high. It is noted that Mehlich 3 extraction may extract some poorly crystalline 
forms of Fe oxides that are dissolved in the oxalate extraction. Interestingly, EPC was also 
positively correlated with total C (r=0.74, p=0.05). One could hypothesize that EPC was 
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influenced by organic matter associated Fe. However, the total C concentrations in this study 
included both organic C and inorganic C (carbonate). We suspect that most of the total C of 
the M2 and P1 samples came from inorganic C. If the data from M2 and P1 were taken out of 
Fig. 2.6., the relationship between EPC and total C would no longer exist, while the 
relationship between EPC and FeM3 and Feox would remain.  
 
 
 
 
 
 
Fig. 2.6 Relationship between EPC and total C, Feox, and FeM3. 
Degree of phosphorus saturation (DPS) in estimating risk of P loss 
Soil physicochemical properties (Table 2.2) were substituted in Eq. [2.1], Eq. [2.2] 
and Eq. [2.3] to calculate DPS-ox(Fe+Al), DPS-M3(Fe+Al) and DPS-M3(Ca), respectively. 
The α used in DPS calculation was equal to 1. The units of variables in those equations were 
mmol kg
-1
. The results were summarized in Table 2.5. 
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Table 2.5 Degree of phosphorus saturation (DPS) calculated with ammonium oxalate 
and Mehlich-3 extraction data 
Soils DPS-ox(Fe+Al) DPS-M3(Fe+Al) DPS-M3(Ca) 
 ---------------------------------%------------------------------- 
M1A 15 8 3 
M1B 11 4 1 
M2 21 20 3 
H1 12 5 2 
H2 15 7 3 
B1 9 1 0.3 
P1 3 0.4 0.7 
 
The DPS values in Table 2.5 indicate that M2 would have the highest vulnerability 
for P loss from the watershed. Although M2 had the highest affinity (k) for P, the amount of 
P in M2 samples as indicated by Mehlich 3 extraction was high. Therefore, with the DPS 
index, M2 would be predicted to have the highest risk of P loss. By similar reasoning, P1 and 
B1 would be predicted to have the least vulnerability to loss P.  
If the threshold value of DPS-ox(Fe+Al) that is used in the Netherlands, 25% (van der 
Zee et al., 1990), was defined as the threshold in this study, none of the soils in this 
watershed would be classified as above the critical point. However, one could conclude that 
the most critical P source area in this watershed was the M site, especially the site where the 
M2 sample was located. However, the DPS threshold in the Netherlands was developed for 
acidic, sandy soils, and therefore is probably not the best criterion to use for these Iowa soils. 
If the DPS-M3(Fe+Al) threshold value of 15%, as used in Delaware (Sims et al., 2002), was 
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the critical value, only the M2 site would be identified as a risk for P loss to water. The DPS-
M3(Ca) index has been proposed as an environmental P index for neutral to alkaline soils 
like many in Iowa (Ige et al., 2005), although a critical value for this index has not yet been 
defined. The B1 and P1 sites had the lowest DPS-M3(Ca), suggesting the lowest risk of P 
loss.  
On the basis of these three ways of calculating DPS, B1 and P1 were the least 
vulnerable to P loss, and M2 was the most vulnerable. Although DPS-ox(Fe+Al) has been 
widely accepted as a standard index of DPS, the ammonium oxalate extraction is not 
routinely run in soil testing laboratories, so DPS-M3(Fe+Al) was proposed as an alternative. 
In this study, we found a strong relationship (r
2
=0.82, p < 0.01) between DPS-ox(Fe+Al) and 
DPS-M3(Fe+Al) (Fig. 2.7). This strong relationship was also found in Oklahoma soils (n=28, 
r
2
=0.76, p < 0.01) (Zhang et al., 2005) and Delaware soils (n=465, r
2
=0.92, p < 0.001) (Sims 
et al., 2002), meaning that the Mehlich-3 extraction was as effective as the ammonium 
oxalate extraction in estimating DPS. Interestingly, DPS-M3(Ca), the index proposed for 
alkaline soils, also correlated well with DPS-ox(Fe+Al). For the selected soils of this study, 
all three methods of DPS calculation were correlated with one another, although the mid-
scale rankings were different. 
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Fig. 2.7 Relationships between DPS-ox(Fe+Al) and DPS-M3(Fe+Al), and between DPS-
ox(Fe+Al) and DPS-M3(Ca). 
Overall, we found that there was no consistency among the risk indices. The 
prediction from DPS and Mehlich-3 P is similar because both indices are based on P 
concentration in soil. Allen and Mallarino (2006) found that DPS-M3(Fe+Al) increased 
linearly with soil test P (Mehlich-3, Bray 1 and Olsen). DPS might be better since it also 
considers the P sorption capacity of soil. However, P sorption capacity values of soils in this 
study fell in a narrow range and were much higher than the Mehlich-3 P values. The DPS 
value is therefore increased with the amount of Mehlich-3 P. For example, the M2 soil was 
predicted to be the most vulnerable to P loss as it had a high P concentration, while B1 and 
P1 soils were predicted to be the least vulnerable to P loss due to their low P concentrations. 
The index of bonding energy (k) from the Langmuir model indicated that M2 was the least 
vulnerable to P loss as its k was highest, meaning P was held most tightly by this soil. EPC 
also predicted M2 soil to be the least vulnerable to P loss, suggesting that this soil will 
behave as a sink to trap P from water after becoming suspended sediment. The predictions 
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from k and EPC for M2 were consistent, but the prediction from DPS was not. However, B1 
and P1 had two-fold lower k than M2 and were estimated to be the least vulnerable to P loss 
by EPC. In this case, the prediction from EPC did not strongly agree with k index, but agreed 
well with DPS that B1 and P1 were the least vulnerable to P loss. 
DPS was adopted as the tool to predict and rank the risk of P loss in the Netherlands, 
Delaware, and Florida. The current calculation of DPS may not be suitable with Iowa soils. 
Also, the DPS threshold value borrowed from other research may not be valid in this study 
because the DPS threshold value for each soil type was different. For example, 25% is the 
DPS-ox(Fe+Al) threshold used in the Netherlands for noncalcareous soils, while DPS-
ox(Fe+Al) at 20% was proposed for sandy soils in Florida. DPS-M3(Fe+Al) at 15% is used 
as threshold value in Delaware, while Florida defined this threshold as 16%. The utility of 
the DPS index to estimate risk of P loss from Rathbun Lake watershed soils is still 
questionable because the estimated P sorption capacity for these soils may not be appropriate 
to calculate a DPS value, and more important, DPS threshold values have not been 
established for our soils.  
Conclusions 
The seven selected soil materials from livestock grazing areas in the Rathbun Lake 
watershed had a low risk of P loss, although five of the seven soils had more extractable P 
than needed for optimum crop yield (Mehlich-3 P > 20 mg kg
-1
). The evaluation of 
environmental P risk using DPS was consistent with that from soil test P. None of soils 
selected from livestock grazing areas in Rathbun Lake watershed was likely to be a major 
contributor of P to streams (Mehlich-3 < 150 mg kg
-1
). However, the desorption index, EPC, 
  
33 
showed that some soils could potentially release P to the water if they become suspended 
sediment. The bonding energy (k) and phosphorus equilibrium buffering capacity (PEBC) of 
the samples were not clearly related to any soil properties. The EPC of the soil samples was 
significantly correlated with Feox (r
2
=0.62, p < 0.05) and FeM3 (r
2
=0.72, p < 0.05), implying 
that P available for desorption increased with the amount of Feox or FeM3. For soils in the 
Rathbun Lake watershed, we currently suggest that EPC be used as an index to estimate P 
loss risk until a valid DPS calculation is developed, and the DPS threshold is defined for 
these soils. Future research should focus on the factors affecting P sorption-desorption in 
Iowa soils. 
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CHAPTER 3: EQUILIBRIUM PHOSPHORUS CONCENTRATION AS 
A PHOSPHORUS DESORPTION INDEX OF STREAM SEDIMENTS 
A paper to be submitted to the Journal of Environmental Quality 
Abstract 
 Stream sediments often play an important role in regulating phosphorus (P) 
concentrations in stream water. Equilibrium P concentration (EPC) is the concentration of P 
in the solution phase (stream water), at which P is neither sorbed nor desorbed by the solid 
phase (sediments). In this study, EPC was used as a desorption index to determine whether 
sediments behave as sinks or sources of P to the stream water in the Rathbun Lake 
watershed. Eight stream sediments (banks and beds) were collected and EPC determined. 
Sediment physicochemical properties were correlated with EPC to better understand P 
desorption of sediments. The EPC of the sediments ranged from 0.02 to 0.12 mg L
-1
. After 
comparing EPC of sediments with mean dissolved P concentration in stream (0.08 mg L
-1
), 
we found that some sediments could behave as a source of P to water once they became 
suspended. EPC of sediment increased with sediment pH (r = 0.92, p < 0.01) and sand 
content (r = 0.78, p < 0.05), but decreased with Mehlich-3 extractable Fe (FeM3) (r = -0.93, p 
< 0.001). Mehlich-3 P and the degree of P saturation (DPS) predicted a low risk of P loss 
from sediment. For the Rathbun Lake watershed, these results suggest P desorption increases 
with sediment pH and sand content while P sorption increases with sediment FeM3 content. 
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Introduction 
Phosphorus loss from agricultural land has promoted eutrophication of surface water. 
Stream sediments often play an important role in regulating soluble P concentrations in 
stream water. Potential P loss from these sediments varies with the physicochemical 
properties of native sediments that govern P desorption to water. The concept of EPC is often 
used to determine whether stream sediments are a sink or a source of P loss to surface water. 
Equilibrium phosphorus concentration is the P concentration in solution at which neither 
sorption nor desorption of sediment P occurs (Taylor and Kunishi, 1971). The likelihood of P 
release from sediments into water depends on the EPC of sediments and the amount of 
dissolved reactive P (DRP) in water. Jarvie et al. (2005) found that bed sediment will release 
P to water when i) there is large hydrological dilution of stream water and ii) EPC of 
sediment is relatively high. If DRP is greater than EPC, sediments will sorb P and if DRP is 
less than EPC, sediments will release P to stream water. The higher the EPC, the more likely 
the sediment to release P. Sediment with low EPC requires lower P concentration in water to 
release P.  
Several environmental factors affect EPC. For example, EPC increases when 
soil/sediment becomes anoxic (Reddy et al., 1998; Pant and Reddy, 2001). House and 
Denison (2000) found that EPC of river sediments increased with decreasing redox potential. 
Under anaerobic conditions, the crystalline form of iron (Fe) is altered to poorly crystalline 
or amorphous forms that have greater surface area to sorb P. Although reducing conditions 
increase P sorption sites, those sorption sites have a lower bonding energy for P than do 
sorption sites available under aerobic conditions. This phenomenon results in higher EPC 
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value under reduced conditions than under oxidized conditions (Reddy and DeLaune, 2008). 
The concentration of P in solution can also affect EPC of sediment. Ekka et al. (2006) found 
that P discharges from a wastewater treatment plant increased P concentration in Ozark 
streams and increased EPC of stream sediments. Effluent P discharges also reduce the ability 
of sediment to retain P. Sui and Thompson (2000) found that the EPC of soil significantly 
increased after biosolids were applied to the soils. In an Arkansas study, Haggard et al. 
(2004) found that the addition of alum (Al2(SO4)3) and CaCO3 to sediments decreased EPC 
and increased the ability of sediment to buffer additional P concentration. Other factors 
affecting EPC include particle size distribution (Haggard et al., 1999), ionic strength of 
background solution and pH (Koski-Vähälä and Hartikainen, 2001). 
Another simple index in evaluating risk of P loss from agricultural lands is the degree 
of P saturation (DPS) (Schoumans, 2009). DPS refers to the proportion of the P sorption 
capacity of soils/sediments that is occupied by P. The amounts P, Fe, and Al extracted by 
ammonium oxalate solution are used on a molar basis to calculate DPS. Because ammonium 
oxalate extraction is not routinely run in soil testing laboratories, Kleinman and Sharpley 
(2002) later proposed the use of Mehlich 3 extraction to estimate DPS. In acid soils, P 
sorption capacity is indicated by Fe+Al. Calcium is an estimator of P sorption capacity in 
alkaline soils. Some states such as Delaware (Sims et al., 2002) and Florida (Nair et al., 
2004) have adopted DPS to estimate risk of P loss from agricultural areas. 
Clearly, the role of stream sediments as a sink or a source of P to water is important 
in predicting the fate of P. However the disadvantage is that EPC is measured by labor-
intensive batch experiments in which sediments are equilibrated 24 h with a series of initial P 
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concentrations. The purpose of this study was to determine the relationship between sediment 
physicochemical properties and EPC and whether EPC can be predicted by these properties. 
Materials and Methods 
Sediment sampling 
There are thirteen monitoring sites in the Rathbun Lake watershed that are part of a 
larger study evaluating the effect of grazing management practices on water quality. Surface 
soils from those sites were sampled at 0-20 cm depth to determine inherent soil physical and 
chemical properties (see Appendix A). Four sites (denoted M, H, B, P) with a range of soil 
properties and soil mapping units were chosen to represent the soils within the watershed (see 
Fig. 2.1 in Chapter 2). These are the same sites used in the study discussed in Chapter 2. The 
streams that run through these sites are Honey Creek (488569, 4533012), West Jackson 
Creek (477366, 4509826), Walker Creek (486121, 4522382) and Ninemile Creek (464361, 
4518907), respectively. The number in the bracket represents the UTM coordinate number. 
The land surrounding these sites is used to graze livestock. Stream bed and bank sediments 
were collected at each site (Fig. 3.1). Bed sediments were collected from the upper 10 cm of 
the stream bottom in the thalweg of the stream channel. Bank sediments were collected 
horizontally from the exposed bank surface to 5 cm depth. Therefore, the total number of 
sediment samples was eight. 
Water samplings 
Water samples were collected from each of the 13 project sites biweekly from March 
to November 2009. The grab samples were delivered to the laboratory immediately and 
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stored for up to seven days at 4 °C until analyzed for dissolved P. The samples were filtered 
through 0.45-μm membrane filter, and P in the samples was determined by the colorimetric 
method of Murphy and Riley (1962). 
 
 
 
 
 
 
 
 
 
Fig. 3.1 Stream bed and bank sediments sampling 
Sediment physicochemical properties 
Sediment samples were air-dried and sieved through a 2-mm screen. Air-dried 
samples were used to determine pH by glass electrode (soil: water 1:1), particle-size 
distribution by pipette method (Gee and Bauder, 1986), and total carbon (TC) and total 
nitrogen (TN) by high-temperature dry combustion (Nelson and Sommers, 1982). Total P 
(TP) was determined by digesting the sample in aqua regia (Crosland et al., 1995) and 
analyzing the digest by a colorimetric method (Murphy and Riley, 1962). Extractable P, Ca, 
Mg, Fe, Al, Na, and K (PM3, CaM3, MgM3, FeM3, AlM3, NaM3 and KM3) were determined in 
Mehlich 3 extracting solution (Mehlich, 1984) and analyzed by inductively coupled plasma 
5 cm 
10 cm 
Bank sediments 
Stream beds 
Stream level 
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spectrometry. Citrate-bicarbonate-dithionite-extractable Fe, Al and Mn (Fed, Ald and Mnd) 
were determined by atomic absorption spectrophotometry (Loeppert and Inskeep, 1996). 
Ammonium-oxalate-extractable P, Fe, Al, and Mn (Pox, Feox, Alox and Mnox) were 
determined by inductively coupled plasma spectrometry (Loeppert and Inskeep, 1996).  
Degree of phosphorus saturation (DPS) 
Mehlich-3- and oxalate-extractable P, Fe, Al, and Ca were used to calculate values for 
the degree of phosphorus saturation (DPS): DPS-ox(Fe+Al), DPS-M3(Fe+Al) and DPS-
M3(Ca) (Equations 3.1 – 3.3). All variables in those equations have units of mmol kg-1.  
[3.1] 
 
[3.2] 
 
[3.3] 
Equilibrium Phosphorus Concentration (EPC) 
To estimate the EPC of bed and bank sediments, wet sediments were used to avoid 
the effect of drying; all results are presented on a dry weight basis. Indigenous stream water 
from each site was used to suspend the sediments. The ionic strength (Ie) of stream water of 
each site was estimated from the electrical conductivity (EC) by using the empirical model: Ie 
= 0.012 EC (Essington, 2003). The average EC of stream water was 0.4 dS m
-1
; therefore, the 
Ie was about 0.005 mol L
-1
. The stream water samples were filtered through 0.45-µm 
membranes and analyzed for ambient P concentration. If the stream water had high P 
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concentration, we used iron-oxide impregnated filter paper to remove P from the water. This 
allowed the concentrations of other solutes to be approximately maintained. When possible, 
we removed P from water until the P concentration was lower than our instrument detection 
limit (0.005 mg L
-1
). To estimate EPC, one must begin with stream water that has an ambient 
P concentration lower than the EPC of sediments (Haggard and Sharpley, 2007).    
Wet sediments (equivalent to 1 g air-dried sediments) were shaken with 25 mL of 
stream water spiked with additional amounts of P from 0, 0.1, 0.25, 0.5, and 1 mg P L
-1
. If 
the ambient P concentration in water was for example 0.05 mg L
-1
, then the initial P 
concentrations were 0.05, 0.15, 0.3, 0.55, and 1.05 mg L
-1
. Three drops of chloroform were 
added to each tube to inhibit microbial activity. After shaking 24 h, the sediment suspension 
was centrifuged at 1200 × g for 5 min, and the clear supernatant was filtered through a 0.45-
m membrane. Phosphorus concentration in the filtrate was determined colorimetrically by 
the method of Murphy and Riley (1962). Phosphorus remaining in solution (C) was plotted 
against P sorbed on the solid phase (S), and a line was fit to the data using simple linear 
regression (Fig. 3.2.). The EPC, the P equilibrium buffering capacity (PEBC), and native P 
sorbed on the solid phase (S0) are calculated from Eq. [3.4].  
    [3.4] 
S   =  P sorbed on solid phase, mg kg
-1
 
C  =  P remaining in solution after 24 h equilibration, mg L
-1
 
S0 =  native P sorbed on solid phase, mg kg
-1
 
K  =  slope, P equilibrium buffering coefficient (PEBC) 
 
0SKCS 
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Fig. 3.2  Linear regression line used to estimate equilibrium phosphorus concentration 
(EPC), P equilibrium buffering capacity (PEBC), and native sorbed P (S0) (P-bed 
sample). 
Statistical Analyses 
 Paired t-tests were used to evaluate differences of EPC, PEBC and S0 values between 
bed and bank sediments. Sediment physicochemical properties were correlated with EPC and 
PEBC, using PROC REG in SAS 9.1 (SAS Institute, 2003). 
Results and Discussion 
Sediment physicochemical properties are summarized in Table 3.1. In Iowa, a 
Mehlich-3 (M3) environmental threshold to predict the likelihood of P loss from soil 
materials or sediments has not yet been defined, but in Arkansas the threshold for PM3 has 
been set at 150 mg kg
-1
 (Sharpley et al., 2003). According to that criterion, the sediments in 
the streams leading to Rathbun Lake had a low risk of P loss. 
y = 74.57x - 9.0199
R2 = 0.9948
-4
-2
0
2
4
6
8
10
0 0.1 0.2 0.3 0.4
S
 (
m
g
 k
g
-1
)
C (mg L-1)
Slope = PEBC EPC 
  
46 
Table 3.1 Sediment physicochemical properties. 
Sediments pH TC TN Sand Silt Clay TP PM3 KM3 CaM3 MgM3 NaM3 
  -----------------g kg
-1
------------------ -------------------mg kg
-1
----------------- 
M-bed 7.3 8.2 0.7 500 340 160 314 37 78 1946 364 141 
M-bank 7.2 10.1 0.8 330 480 190 278 26 57 1959 353 57 
H-bed 7.5 2.7 0.2 920 50 30 177 32 20 550 72 75 
H-bank 6.5 10.1 0.9 350 490 160 284 36 77 1559 270 81 
B-bed 8.0 3.2 0.1 820 120 60 454 28 37 1250 179 138 
B-bank 6.5 11.9 0.9 290 540 180 209 25 62 1631 324 69 
P-bed 8.2 2.3 0.1 940 40 20 314 17 12 654 68 158 
P-bank 7.2 6.7 0.6 490 360 150 306 68 67 1817 309 110 
 
Table 3.1 Sediment physicochemical properties (continued). 
Sediments FeM3 AlM3 Pox Feox Alox Mnox Fed Ald Mnd 
 --------------------------------------------mg kg
-1
------------------------------------------- 
M-bed 300 516 253 3258 651 670 6280 270 700 
M-bank 358 311 211 2493 655 550 5300 240 560 
H-bed 157 391 203 2139 555 110 2320 60 110 
H-bank 446 686 315 2778 584 230 3890 220 260 
B-bed 148 279 551 8241 875 2160 14470 490 2200 
B-bank 437 472 145 1939 715 190 2600 180 210 
P-bed 85 187 596 8796 762 1650 15970 470 1730 
P-bank 208 611 281 2311 452 250 3840 170 290 
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Table 3.2 Degree of phosphorus saturation calculated with ammonium oxalate and 
Mehlich-3 extraction data. 
Sediments DPS-ox(Fe+Al) DPS-M3(Fe+Al) DPS-M3(Ca) 
 ------------------------------------%------------------------------------ 
M-bed 11 5 2 
M-bank 11 5 2 
H-bed 17 6 8 
H-bank 14 3 3 
B-bed 11 7 3 
B-bank 9 3 2 
P-bed 11 7 3 
P-bank 13 8 5 
 
The degree of phosphorus saturation (DPS) is a ratio of adsorbed P to an index of the 
P sorption capacity of sediment. The DPS estimated by the ammonium oxalate extraction 
(DPS-ox(Fe+Al)) was developed in the Netherlands for noncalcareous sandy soils, and a 
threshold value has been set at 25% (van der Zee et al., 1990). If this value were defined as 
the threshold in the present study, none of sediments had a high risk of P loss (Table 3.2).  
The DPS calculated from Mehlich-3 extraction data based on Fe+Al (DPS-
M3(Fe+Al)) is used in Delaware with the threshold value of 15% (Sims et al., 2002). This 
threshold value was investigated on sandy loam and loamy sand soils in Delaware. In Iowa, a 
threshold value of DPS-M3(Fe+Al) has not been yet defined, but if the Delaware threshold 
were to be used, the risk of P loss would be predicted to be low for all sediments (DPS-
M3(Fe+Al) < 15%). The DPS-M3(Ca) has been proposed as an environmental P index for 
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neutral to alkaline soils (Ige et al., 2005), although a critical value for this index has not yet 
been defined. Bed sediments from site H and bank sediments from site P had the highest 
values of DPS-M3(Ca), suggesting greater potential for P loss than other sediments. 
Equilibrium phosphorus concentration 
Values for equilibrium phosphorus concentration (EPC), phosphorus equilibrium 
buffering coefficient (PEBC) and native P sorbed on solid phase (S0) are summarized in 
Table 3.3. 
Table 3.3 Equilibrium phosphorus concentration (EPC), phosphorus equilibrium 
buffering coefficient (PEBC) and native P sorbed on solid phase (S0). 
Sediments EPC PEBC S0 
 mg L
-1
 L kg
-1
 mg kg
-1
 
M-bed 0.05 361 18 
M-bank 0.07 152 10 
H-bed 0.08 89 7 
H-bank 0.03 1271 34 
B-bed 0.12 82 9 
B-bank 0.02 1754 36 
P-bed 0.12 75 9 
P-bank 0.10 308 29 
 
 The EPC values of sediment samples ranged from 0.02 to 0.12 mg L
-1
. A high EPC 
value indicates greater potential for the sediments to release P to the water. The EPC values 
were used to predict whether the sediments might behave as sinks or sources of P by 
comparing the values with dissolved P in stream water (Fig. 3.3). The status of bed sediments 
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as a sink or a source of P to water is shown for 2009. The status of bank sediments as sinks or 
sources of P because bank sediments are not shown because bank sediments were 
periodically in contact with stream water. Bed sediments at site H could behave as a sink by 
retaining P from water throughout the year until November, when the concentration of P in 
the stream water dropped below the EPC. Then the sediment could release P back into the 
water to adjust to equilibrium. In contrast to the site H, bed sediments of site P acted as a 
source of P to water (Fig. 3.3). This is because the concentration of P in stream water of site 
P was generally higher than that of site H. Moreover, the bed sediment EPC of site P was 
greater than that of site H. As for sites M and B, the P status of bed sediments fluctuated 
relative to the concentration of P in stream water. 
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Fig. 3.3 Average dissolved P in stream of each individual site from March to November 
2009. The dashed line represents the EPC of each bed sediment. 
 
We used a paired t-test to test the difference of EPC, PEBC and S0 values between 
bed and bank sediments. We found that there were no significant differences in these values 
between bed and bank sediments.  
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Relationship of sediment physicochemical properties to EPC and PEBC 
 We explored possible correlations between sediment properties and the EPC and 
PEBC values (Table 3.4). The strongest relationship was found between EPC and FeM3 (r
2
 = 
0.87, p < 0.001). This correlation was negative (r = -0.93), indicating that as FeM3 levels 
increased, the more likely P is to be desorbed. This finding was different from that of 
McDowell and Sharpley (2001), as well as what is reported in chapter 2, where EPC of soil 
materials (as opposed to sediments) was positively related to FeM3. Interestingly, EPC of 
sediments was also negatively correlated with total C and total N (Fig. 3.4). We also found 
that FeM3 positively correlated with total C (r = 0.96, p < 0.001) and total N (r = 0.95, p < 
0.001) (data not shown). This suggests that Fe associated with organic matter (and readily 
extractable by the Mehlich-3 solution) could be responsible for P sorption by these 
sediments. 
 For these soils, there was a strong positive relationship between EPC and pH (r = 
0.92, p < 0.01). This finding was similar to Koski-Vähälä and Hartikainen (2001) who found 
that EPC increased with pH. Generally, an increase of soil pH causes the functional groups 
on the surface of clays and metal oxides to become more negatively charged (Pierzynski et 
al., 2005). As the result, P is more readily desorbed as pH increases. Particle size distribution 
was also related to EPC. EPC increased with sand content (r = 0.78, p < 0.05). This is 
reasonable as there would be less clay to sorb P. While sand-size quartz did not strongly 
retain P, clay minerals suppressed P desorption, as indicated by the negative relationship 
between EPC and clay content. Although we found that EPC was negatively related to silt 
content (r = -0.79, p < 0.05), Haggard et al. (1999) found that EPC increased with silt (r = 
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0.91, p < 0.01), perhaps because the silt-size minerals and their affinity for P adsorption 
differed between two studies. 
 There also were positive relationships between EPC and Fed, Feox, Mnd, Mnox and Pox 
(Fig. 3.5). We found that these significant relationships came from the data of bed sediments 
from site B and bed sediments from site P. Bed sediments from these two sites had the 
highest EPC value with the highest concentration of Fed, Feox, Mnd, Mnox and Pox. If data 
from these two sites were excluded, the relationships would no longer exist.  
 PEBC was negatively correlated to pH (r = -0.84) and positively related to total C (r = 
0.75), total N (r = 0.71), FeM3 (r = 0.81), and silt content (r = 0.71). However, these 
relationships were essentially driven by the same data (Fig. 3.6). We conclude that PEBC is 
not well described by any properties. 
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Table 3.4 Coefficients of determination, correlation coefficients, and levels of 
significance between sediment physicochemical properties and EPC and PEBC. 
 
 
 
 
 EPC  PEBC 
Sediments 
properties 
r
2
 r p-value  r
2
 R p-value 
pH 0.85 0.92** p<0.01  0.71 -0.84** p<0.01 
Total C 0.74 -0.86** p<0.01  0.56 0.75* p<0.05 
Total N 0.75 -0.87** p<0.01  0.50 0.71* p<0.05 
TP 0.30 0.55 0.16  0.14 0.38 0.35 
PM3 0.00 0.02 0.97  0.00 0.05 0.91 
KM3 0.48 0.69 0.06  0.28 0.53 0.18 
CaM3 0.24 0.49 0.22  0.10 0.32 0.44 
MgM3 0.36 0.60 0.11  0.17 0.42 0.30 
NaM3 0.40 0.63 0.09  0.20 0.45 0.27 
FeM3 0.87 -0.93*** p<0.001  0.65 0.81* p<0.05 
AlM3 0.41 0.64 0.08  0.31 0.56 0.15 
Clay 0.52 -0.72* P<0.05  0.31 0.56 0.15 
Silt 0.63 -0.79* P<0.05  0.51 0.71* p<0.05 
Sand 0.60 0.78* P<0.05  0.45 0.67 0.07 
Fed 0.55 0.74* P<0.05  0.23 0.48 0.22 
Feox 0.55 0.74* P<0.05  0.20 0.44 0.27 
Ald 0.34 0.58 0.13  0.10 0.32 0.44 
Alox 0.08 0.28 0.51  0.00 0.06 0.88 
Mnd 0.51 0.72* P<0.05  0.22 0.47 0.23 
Mnox 0.51 0.71* P<0.05  0.23 0.48 0.23 
Pox 0.57 0.76* 0.03  0.20 0.45 0.26 
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Fig. 3.4 Relationships between EPC and pH, total C, total N, clay, sand, silt, and FeM3. 
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Fig. 3.5 Relationships between EPC and Fed, Feox, Mnd, Mnox, and Pox 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.6 Relationships between PEBC and pH, total C, total N, FeM3 and silt content. 
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Conclusions 
Eight sediments from stream banks and beds of four representative sites in the 
Rathbun Lake watershed had low risk of P loss, as indicated by the PM3 and DPS indices. 
However, EPC indicated that some sediments could release P to water after being eroded into 
the stream. The likelihood of P desorption from the sediments increased with increasing pH 
and sand content. The extraction data suggest that readily extractable P was retained by the 
sediments by Fe that was, in turn, associated with organic matter. 
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CHAPTER 4: GENERAL CONCLUSIONS 
 Phosphorus (P) sorption-desorption characteristics of soils in a watershed are 
important in designing best management practices (BMPs) to reduce the risk of P losses 
to surface water. In this study, we used several P sorption-desorption indices to predict 
the risk of P loss from riparian soils and stream sediments in the Rathbun Lake 
watershed. We found that Mehlich-3 P and the degree of P saturation (DPS) indicated 
low risk of P loss from soils and sediments. However, the equilibrium P concentration 
(EPC), a desorption index, indicated some soils or sediments could behave as sources of 
P to water. We also investigated soil and sediment physicochemical properties that may 
govern P sorption-desorption reactions. In soils, the P desorption (indicated by EPC) 
increased with Fe content (extracted either by Mehlich-3 or ammonium oxalate). In 
sediments, P sorption increased with organic matter associated Fe, but decreased with 
pH. There is still uncertainty about the role of Fe in P sorption-desorption for the soils 
and sediments in this watershed. The use of DPS to estimate risk of P loss for Iowa soils 
may not be accurate unless the DPS threshold is defined, and the DPS calculation is 
modified to be suitable with these soils. At this point, we encourage the use of EPC as a 
tool to evaluate the risk of P loss from soils/sediments in the Rathbun Lake watershed.
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APPENDIX A: A DESCRIPTION OF THIRTEEN 
MONITORING SITES IN RATHBUN LAKE WATERSHED 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. A-1. Rathbun Lake watershed map showing the 13 monitoring sites locations. 
 Sites 7, 11, 6 and 5 are equivalent to sites M, H, B and P, respectively, in Chapters 2 
and 3. 
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Table A-1. A description of thirteen monitoring sites in Rathbun Lake watershed 
Site code UTM coordinates Area  Stream reach  Soil mapping unit 
  X Y (hectares)  (meters)   
1 473900 4532392 253 1179 Zook-Olmitz-Vesser complex 
2 474641 4532051 393 1120 Zook-Olmitz-Vesser complex 
3 464372 4532960 472 1040 Nodaway-Lawson complex 
4 487034 4513841 444 1610 Olmitz-Vesser-Colo complex 
5 464361 4518907 3630 1039 Lawson-Nodaway complex 
6 486121 4522382 1090 1778 Olmitz-Vesser-Colo complex 
7 488569 4533012 2007 1138 Zook-Olmitz-Vesser complex 
8 470783 4531446 756 1260 Zook-Olmitz-Vesser complex 
9 459625 4514707 709 890 Olmitz-Vesser-Colo complex 
10 478319 4513146 318 598 Olmitz-Vesser-Colo complex 
11 477366 4509826 5660 922 Colo 
12 464025 4514690 480 1162 Olmitz-Vesser-Colo complex 
13 464025 4514690 579 306 Olmitz-Vesser-Colo complex 
 
 Soil samples were collected from each site at the depth of 0-20 cm. Soil properties are 
shown in Table A-2. 
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Table A-2. Soil properties of thirteen monitoring sites in the Rathbun Lake watershed 
Site 
code 
pH† Total 
P‡ 
OM# NO3
-
-
N§ 
P¶ K* Ca* Mg* 
  mg kg
-1
 g kg
-1
 mg kg
-1
 mg kg
-1
 mg kg
-1
 mg kg
-1
 mg kg
-1
 
1 6.0 318 29 3 14 130 2007 325 
2 6.3 284 25 6 20 107 1838 283 
3 6.7 304 25 6 27 114 2253 330 
4 6.4 276 26 3 11 79 1706 218 
5 6.5 283 26 3 13 93 2218 241 
6 6.9 323 20 3 29 89 2002 232 
7 6.7 347 25 6 39 117 2131 251 
8 6.4 292 24 7 18 118 1976 285 
9 6.9 340 24 5 21 84 2156 251 
10 7.0 267 23 3 11 98 2469 262 
11 6.8 303 18 2 26 87 2044 227 
12 6.2 315 36 10 28 119 2264 285 
13 6.4 338 30 7 28 131 2257 264 
 
† soil:water (1:1) 
‡ digested in aqua regia; digest analyzed by colorimetric method 
# Loss on ignition 
§ Cadmium reduction 
¶ Bray 1 extraction 
* Ammonium acetate extraction 
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APPENDIX B: WATER QUALITY DATA 
 Water samples were collected biweekly from thirteen monitoring sites in the Rathbun 
Lake watershed during March-November 2008 and again March-November 2009. At each 
site, we collected two water samples: one from upstream and another one from downstream. 
All the grab water samples were analyzed for dissolved P and total P. In 2009, total 
suspended solids were also measured in each sample. 
 
 
 
 
 
 
 
 
 
 
Fig. B-1. Average dissolved P concentration in streams in 2008 and 2009. Each point 
represents the mean dissolved P concentration from 13 sites. 
 The average coefficient of variation (CV) of dissolved P concentration in upstream 
and downstream samples was 50% in 2008 and it was 65% in 2009 (Fig. B-1). 
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Fig. B-2. Average total P in streams in 2008 and 2009. Each point represents the mean 
total P from 13 sites. 
 The average coefficient of variation (CV) of total P concentration in upstream and 
downstream samples was 50% in 2008 and 50% in 2009 (Fig. B-2). 
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Fig. B-3. Average total suspended solids in stream water samples in 2009. Each point 
represents the mean total suspended solids from 13 sites. 
 The average coefficient of variation (CV) of total suspended solids in upstream and 
downstream samples ranges from 16% to 263% in 2009 (Fig. B-3). 
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